The multi-attribute rotation scheme (MARS) is a methodology that uses a numerical solution to estimate a transform to estimate petrophysical properties from elastic attributes. This is achieved by estimating a new attribute in the direction of maximum change of a target property in an n-dimensional Euclidian space formed by n attributes, and subsequent scaling of this attribute to the target unit properties. This approach is performed using well logderived elastic attributes and petrophysical properties, and posteriorly applied over seismically-derived elastic attributes. In this study MARS was applied to predict a transform to estimate water saturation and total porosity from elastic attributes, using a two-and three-dimensional approach, respectively. The final goal of this workflow is to apply these transforms over seismically-derived attributes to generate volumes of these properties, which can be used in exploration and production settings for reservoir characterization and delineation, as well as soft variables in geostatistical workflows for static model generation and reserve estimation.
Introduction
A common way to understand the relationship between seismic attributes and a petrophysical property is by the use of rock physics templates or simply by cross-plotting well log derived elastic attributes color-coded by a petrophysical property. Both ways graphically illustrate the relationship between the elastic and petrophysical domains, which can be used to estimate reservoir properties from seismic inversion attributes. MARS is a methodology that uses a numerical solution to estimate a mathematical expression that reproduces the aforementioned phenomena. This methodology uses, as input, measured and/or rock physicsmodelled well log information, to estimate a well logderived transform between several elastic attributes and target petrophysical properties. The objective of this workflow is to apply the resultant transform over seismically-derived elastic attributes to predict the spatial distribution of petrophysical reservoir properties.
Theory & Method
MARS estimates a new attribute  in the direction of maximum change of a target property in a n-dimensional Euclidian space formed by n attributes. We search for the maximum correlation between the target property and all the possible attributes that can be estimated via axis rotation of the basis that forms the aforementioned space. Figure 1a shows a sketch illustrating an example for the particular case of two dimensions. This figure shows a cross-plot of two attributes color-coded by a target property. Dashed grey arrows represent new attributes estimated via axis rotation. The blue arrow represents the elastic attribute that shows the maximum correlation with the target petrophysical property. In Figure 1b , the angles of the rotation used to estimate the new set of attributes, are cross-plotted against their correlation coefficients with the target property, with the goal of identifying the angle related to the maximum correlation  i . Figure 1 : a) Sketch of a cross-plot of two attributes colour coded by a target property. Dashed grey lines represent new attributes estimated via axis rotation, and the blue line represents the attribute that shows the maximum correlation coefficient with the target property. b) Cross-plot between the angles of rotation and the correlation coefficients calculated at each of these angles.
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Equations 1 and 2 show the mathematical expression for the attribute  for the specific cases of two and three dimensions, respectively.
(1)
(2) Where, A1, A2, …, An, are elastic attributes; SF A1 , SF A2 ,…, SF AN , are scale factors, which are applied to equalize the order of magnitude of the attributes; and  i ,  j ,..., n are the angles where the maximum correlation is reached (Figure1b).
Because different attribute combinations produce different results, this methodology uses a screening of all possible n-dimensional spaces formed by n-number of attributes and angle evaluations for each one of these spaces, with the final goal of finding an attribute  that represents the global maximum correlation with the target petrophysical property. The final step in this workflow is to scale the attribute to units of the target property. This is done using equation 3, where the coefficients m and c can be estimated by fitting a line between the attribute and the actual petrophysical property.
(3)
Case Study 1: Barents Sea -Well 7120/12-2 Figure 2 shows the well log data used as an input for the MARS application.
These data consist of both, fundamental elastic properties (Vp, Vs and Density) and target petrophysical properties, e.g. water saturation (Sw), total porosity ( t ) and clay volume (Vclay) logs. Since the final goal of MARS is to predict petrophysical properties using seismically-derived elastic attributes, the first step applied consists of filtering the input logs to seismic resolution (black log curves in Figure 2 ). 
Water saturation estimation from two attributes
For the Sw estimation, MARS was run for a combination of 64 elastic attributes, which can be derived from P and S wave impedance logs, which means that 2048 bidimensional spaces (64x64/2) were evaluated. Figure 3a shows the attributes used in MARS. In this table, each number represents a single attribute, which is obtained after applying the mathematical operation shown in the left-most column to the elastic attribute shown in the upper-most row. For example, the number 21 represents the attribute 1⁄λρ. Figure 3 . a) Evaluated Attributes. Each number represents a single attribute, which is obtained after applying the mathematical operation show in the leftmost column to the attribute show in the uppermost row. b) Matrix showing the absolute value of the correlation coefficient between the Sw log and the attribute , for each evaluated cross-plot spaces. Note that this is a symmetric matrix. c) Attribute spaces where the two highest correlations with the Sw log were found. The aim of applying a mathematical operation (such as square root, power, inverse, logarithm, etc.) to the attributes is to facilitate the modelling of physical phenomena exhibiting non-linear behaviour. Figure 3b shows a matrix with the absolute value of the highest correlation coefficient between the Sw log and the attribute , for each evaluated cross-plot space. In this figure the row and column indexes represents the attributes specified in Figure  3b . Even though MARS is a deterministic approach, the final solution is not unique; there are several crossplot spaces that can be used to create attributes with a high correlation to the target property. Figure3c shows the attribute spaces (I and II) where the two highest correlation values with the Sw log were found. In these attribute spaces, 1⁄λρ vs 1⁄kρ and 1⁄Ip vs 1⁄λρ, the correlation coefficient found with the Sw log was 0.9516 and 0.9515 respectively, which implies that either of these spaces can be equally used for the final application. Figure 4 shows the results obtained after running MARS and the comparison between the actual and predicted Sw logs. Figure 4a shows a table with the resultant parameters that were used in equations 1 and 3 to estimate the Sw log from elastic attributes. This table shows a comparison of the results obtained when original logs and upscaled logs are used. Although the estimated  i shows a small difference between the two cases, the m and c values differ more due to the difference in the dynamic range between the original and the upscaled well-log data. Figure 4b shows a crossplot of  and the correlation coefficients between the derived set of attributed (estimated via axis rotation) and the Sw log; this shows a maximum correlation for Figure 4c and Figure 4d show a comparison of the actual and predicted Sw logs in the 1⁄λρ vs 1⁄kρ crossplot space. In these figures the grey arrows, orthogonal to the blue lines, indicate the maximum direction of change of the Sw in this space. Figure 4e shows a comparison between the actual and predicted Sw logs for both the log and upscaled seismic resolution cases. The Sw curve is predicted very well in both cases using these two attributes.
Upscaled results should be used to estimate a seismicallyderived Sw volume from seismically-derived elastic attributes.
Multi-attribute rotation scheme

Case Study 2: Onshore Colombia
For this case study MARS was used to estimate a Sw volume in a mud-rich turbidite gas reservoir located in onshore Colombia. Two wells with a complete suite of high quality measured elastic and petrophysical logs were available in the area (Well A & Well B ), but only one of them was used in the analysis. The other well was used as blind test of the MARS technique. After running MARS on Well A, the global maximum correlation between the attribute  and the Sw was found in the attribute space √Is vs 1/ at -20.5 degree, with a correlation of 0.9542. Figure  5a and 5b show a comparison between the actual and predicted Sw in cross-plot domain and spatial domain, respectively. Finally the resultant transform was applied to seismically-derived volumes of √Is and 1/ to obtain a volume of Sw. A cross-section of the resultant Sw volume along Well-A and Well-B together with its Sw logs is shown in Figure 5c . In this figure it is possible to see a good match between the seismic and well-log derived Sw, not only at Well-A, which was used in the MARS assessment, but also at Well-B, which was used as a blind test location.
Conclusions
MARS is an accurate method to predict petrophysical properties from elastic attributes using a numerical solution.
For the case studies shown, customized transforms were found for the analysed geological setting, to estimate Sw from elastic attributes. The final goal of this workflow is to apply these transforms over seismicallyderived attributes to generate volumes of petrophysical properties, which can be used in exploration and production settings for reservoir characterization and delineation, and as secondary variables in geostatistical workflows for static model generation and reserve estimation.
